Secretory vesicles obtained from the atrial gland of the gastropod mollusk Aplysia californica were chemically analyzed individually with a combination of optical trapping, capillary electrophoresis separation, and a laser-induced fluorescence detection. With the use of optical trapping, a single vesicle that had attoliters (10 Ϫ18 liters) of volume was introduced into the tapered inlet of a separation capillary. Once the vesicle was injected, it was lysed, and its components were fluorescently labeled with naphthalene-2,3-dicarboxaldehyde before separation. The resultant electropherograms indicated distinct variations in the contents of single vesicles.
Biological messengers are synthesized intracellularly and packaged into secretory vesicles, where they are stored until a physiological signal triggers fusion of the vesicle membrane with the plasma membrane, resulting in the extracellular release of a chemical messenger. This mode of cellular signaling is used by all eukaryotic organisms in biological processes ranging from sensory perception to the regulation of reproductive cycles. Analysis of secretory products has been done on populations of vesicles, but the contents of a single vesicle are often sufficient to produce a biological response. Therefore, it is important to develop techniques of adequate sensitivity to characterize the array of chemical messengers within individual vesicles (1, 2) . The sizes of vesicles range from 30 to 2000 nm, which corresponds to volumes from zeptoliters (10 Ϫ21 liters) to low femtoliters (10 Ϫ15 liters), respectively. The minute size of secretory vesicles makes their study by traditional analytical methods impossible.
Recently, capillary electrophoresis (CE) has emerged as a powerful separation technique for the analysis of ultrasmall sample volumes (3) . A much pursued goal in the area of ultrasensitive chemical analysis is the use of CE to separate and analyze the contents of single biological vesicles (2) . Using such methods, one can compare the contents of single secretory vesicles one at a time, revealing variations that would otherwise be buried within the analysis of populations. This type of study provides insight into the cellular mechanisms used to package and sort chemical messengers into vesicles and defines sets of secreted bioactive products with a precision previously unattainable.
Two considerations in the use of CE for the analysis of single vesicles are detection sensitivity (4) and sample introduction (5, 6) . The sensitivity required to detect the laser-induced fluorescence (LIF) of a single dye molecule exists (4) . Detection, however, is only the back half of the problem. Sample introduction and manipulation remain the primary challenge. Thus far, the analysis of single vesicles has been hindered by the difficulty of introducing a single vesicle into the separation capillary and analyzing its contents. Recently, the first part of this problem was overcome by the use of optical trapping and tapered capillaries (5) . The second challenge is to label the contents of a single vesicle with a fluorophore for subsequent detection by LIF. In the present experiment, a miniature on-column derivatization scheme was applied to the molecules under investigation. The key to ensure an efficient on-column reaction is to minimize the reaction volume, which leads to a higher concentration of analyte molecules and a smaller number of labeling molecules. The technique of tapered capillaries (5) also addresses this challenge. For example, the oncolumn reaction volume for a normal capillary inlet with an inner diameter (i.d.) of 25 m and a length of 1000 m is 4.9 ϫ 10 Ϫ10 liters. The reaction volume for a tapered capillary inlet of 1-m i.d. of the same length, however, is 7.8 ϫ 10
Ϫ13 liters. This reduction in volume by a factor of 625 leads to a faster and more efficient reaction with fewer unreacted dye molecules. With this manipulation capability and improved reaction conditions, the contents of single biological vesicles can be probed, one by one.
The vesicles studied in this experiment were obtained from the atrial gland of the gastropod mollusk Aplysia californica (7) . These vesicles contain bioactive peptides that are packaged into secretory granules called dense core vesicles (DCVs) (8) . These DCVs are large (average diameter Ϸ 1 m) and can be easily isolated from Aplysia. This advantageous attribute of the DCVs has motivated their use in the present study. The atrial gland was first dissected from the distal end of the hermaphroditic duct, and subsequent slicing of the gland with a sharp razor blade released DCVs into a solution of artificial seawater. Most research on the atrial gland of Aplysia has been directed at the bioactive peptides (9) , which are involved in this animal's reproductive behavior. Therefore, it is in teresting to find in the present study that the DCVs also contain large amounts of primary amine-containing compounds of on February 9, 2010 www.sciencemag.org low molecular weight.
Vesicles were lysed and then reacted offcolumn with naphthalene-2,3-dicarboxaldehyde (NDA) and potassium cyanide (KCN) (10) . The NDA selectively reacts with primary amines in the presence of cyanide. The peaks detected in the electropherogram (11) (Fig. 1A ) originate from NDA, NH 2 -terminal peptides (NTPs) (12), low-mass compounds (LMCs) [of which taurine is the main component], and an unidentified peak (peak 4). The peak intensities suggest the LMCs are abundant. In addition to NTPs, the DCVs also contain high concentrations of Peptides A, B, and Califins (9). These peptides, however, were not identified by CE-LIF in the present study, probably because of their poor reaction efficiency with NDA.
We assigned the peak identified with NTPs by running synthesized and purified peptide standards. To characterize the LMCs peaks, we fractionated the contents of the vesicles by molecular weight through a size-exclusion column (13) . The fraction containing the LMCs was identified by derivatization; the resulting fluorescent solution gave rise to the corresponding LMCs peaks in Fig. 1A . This fraction, both underivatized and derivatized before size exclusion, was analyzed by electrospray-ionization mass spectrometry (ESI-MS) (14) (15) (16) (Fig. 1 , B and C, respectively). The abundances of the peaks present in the derivatized sample at mass-tocharge ratios (m/z) 118, 132.6, and 144 are insignificant compared with those in the underivatized sample. The depletion of these three peaks in Fig. 1C indicates that the LMCs reacted with NDA and KCN. No derivatized LMCs were observed in the ESI mass spectrum after derivatization of the solution in Fig. 1B , owing to poor electrospray efficiency of the NDA-derivatized LMCs. A high-resolution spectrum of the underivatized fraction, obtained with the use of an external electrospray ion-source Fourier-transform mass spectrometer (Fig. 1B, inset ) (17), shows that the peak identified at low resolution as m/z 132.6 is actually composed of two unresolved peaks at m/z 132.103 and 133.135. All of the LMCs ions are formed by attachment of a single proton in the electrospray process. Therefore, the actual masses of the LMCs are determined to be m/z 117.079, 131.095, 132.127, and 143.094 (18). From these exact mass measurements, the chemical compositions of these compounds can be uniquely assigned as C 5 H 11 NO 2 , C 6 H 13 NO 2 , C 6 H 16 N 2 O, and C 7 H 13 NO 2 , respectively. By analyzing the LMCs samples with liquid chromatography (LC) and CE-LIF, we determined the identity of C 6 H 13 NO 2 to be leucine and isoleucine. The compounds C 7 H 13 -NO 2 and C 6 H 16 N 2 O do not match the molecular mass of any common amino acids. Although the compound at mass 117.079 (C 5 H 11 NO 2 ) has the same chemical formula as valine, this peak does not match the fragmentation pattern of valine. It is possible that these peaks are derived from modified or unusual amino acids.
To further characterize the LMCs, we performed LC on size-exclusion fractions of atrial gland extracts derivatized with o-phthaldialdehyde/␤-mercaptoethanol (OPA/␤ME) (19) (Fig. 2A) . The reaction of OPA and a nucleophile such as ␤ME with primary amines is similar to that of NDA and CN Ϫ . Comparison of the retention times of known amino acid standards with those of the fractionated vesicle lysate show that the peak at ϳ29 min matches the retention time of taurine (H 2 NCH 2 CH 2 SO 3 H). Addition of taurine standard to this sample led to a corresponding increase in the height of this peak with excellent recovery (104%, n ϭ 3) (Fig. 2A, inset, dotted trace) . The identity of this peak as taurine was further confirmed by LC using a different mobile phase composition and was also indicated by 1 H nuclear magnetic resonance on isolated fractions. Because of the poor electrospray efficiency of taurine, it was not detected in the positive-ion ESI-MS spectra. The high intensity of the taurine peak in LC also suggests that it is the major amine-containing component. This finding was confirmed by CE-LIF using populations of vesicles with and without added taurine standards.
For analysis, the vesicle is first optically trapped (Fig. 3A) , and the capillary tip is subsequently moved next to it (Fig. 3B) . The vesicle is then electrokinetically introduced into the capillary with a small potential (Fig.  3C) . Once the vesicle is injected, the capillary inlet is immediately transferred into a small droplet of reaction mixture containing 1 mM NDA and 1 mM KCN in 10 mM borate buffer (10% acetonitrile). A small amount of this reaction mixture is electrokinetically injected into the tapered inlet to lyse the vesicle. The lysate is then permitted to react on column with NDA for 5 min at ambient temperature (20°to 25°C). After electrophoretic separation, the NDA-labeled components are detected with LIF. The resultant electropherogram (Fig. 3D) indicates that this vesicle contains NTPs and peak 4 but no taurine. In control electropherograms (Fig. 4A) , in which no vesicles were injected, the peak at ϳ12 min was caused by NDA. This peak was used as an internal standard for the normalization of migration times in all other electropherograms. Electropherograms obtained from two different single vesicles show that the contents of the vesicles are markedly different: one contains predominantly taurine but has no peak 4 (Fig. 4B) , whereas the other is mainly composed of peak 4 with no taurine (Fig. 4C) . Both also have NTPs (insets). From the 10 single vesicles that were analyzed, none contained taurine and peak 4 together. The amount of NTPs, however, remained approximately constant from vesicle to vesicle. When two vesicles were injected into the tapered capillary at the same time, the resulting electropherogram (Fig. 4D ) revealed that both taurine and peak 4 were present, which indicates a mixing of the contents from two different types of vesicles, similar to what is found in a population analysis.
We have identified taurine as one of the most abundant molecules present in atrial gland vesicles. Taurine is physiologically active and is present in high concentrations in identified neurons of A. californica and in the central nervous system of mammals (20, 21) . Our observation of vesicular taurine demonstrates that the compound is stored and secreted, which strongly supports the proposed role of taurine as a neuromodulator or hormone. Taurine's presence in the atrial gland vesicles might also suggest a role in osmoregulation (21) or in the reproductive cycle of Aplysia. From the single-vesicle analysis, it is evident that the presence of taurine is accompanied by the lack of peak 4. This variation between single vesicles might be caused by two different populations of vesicles or by the same type of vesicles at different stages of maturity.
This technique, which can separate and probe the chemical messages contained in a single vesicle of only zepto-or attoliters of volume, should make it possible to address many previously unanswerable biological questions. Although the DCVs analyzed in this study are relatively large, their analysis marks the beginning of an era in which the information contained in a single vesicle can be probed and deciphered. Although tremendous progress has been made over the past decade in understanding the phenomenological properties of the cuprate superconductors, in improving the quality of the materials, and in identifying the symmetry of the pairing state, the mechanism of the superconductivity remains unresolved. One candidate mechanism is the interlayer tunneling (ILT) model, in which the superconductivity results from an increased coupling between the layers in the superconducting state (1-3). For this model to succeed, the interlayer coupling in the superconducting state must be sufficiently strong to account for the large condensation energy of the cuprate superconductors (3) (4) (5) The phenomenological Lawrence-Doniach model for a stack of Josephson-coupled superconducting layers (6) is widely applied to highly anisotropic superconductors, including organics, cuprates, and artificially structured model systems. The structure of an isolated vortex parallel to the layers, or "interlayer Josephson vortex," is similar to a vortex in an anisotropic Ginzburg-Landau theory except at the vortex core (11) . The spatial extent of the vortex along the layers, c , is related to the critical current density between the layers, J 0 , by (1) (6, 11) , where ⌽ 0 ϭ hc/2e is the superconducting flux quantum, h is Planck's constant, e is the electron charge, and s is the interlayer spacing. A large vortex thus indicates a weak interlayer coupling.
In recent work, we used vortex imaging to directly measure the Josephson coupling across grain boundaries of YBa 2 Cu 3 O 7-␦ (12) and the interlayer Josephson coupling in the quasi-two-dimensional (quasi-2D) organic superconductor -(BEDT-TTF) 2 -Cu(NCS) 2 (13) . We now report the observation of isolated interlayer vortices in Tl 2 Ba 2 CuO 6ϩ␦ . Although the a-axis penetration depth is substantially less than our spatial resolution of 8 m, our images directly show the c-axis penetration depth c Ϸ 20 m.
Magnetic fields were imaged at the surface of the crystals with a scanning SQUID microscope (14) . The SQUID is integrated with shielded leads to a square superconducting pickup loop (side length L ϭ 8.2 m) on the same chip. The SQUID detects the total magnetic flux through the pickup loop,
where B z is the local magnetic field perpendicular to the sample surface, x and y are
